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ABSTRACT 
Several characteristics of the south-west monsoon rainfall of the low latitude stations of Cochin (coastal) and Minicoy 
(island) have been studied using the hyetograms of these stations for the ten year period 1973-1982. Both stations exhibit 
diurnal variations of rainfall with maximum activity in the post-midnight hours and minimum in the afternoon hours. The 
amplitude of the diurnal variation increases for rain events of increasing intensities. The integrated duration of the seasonal 
rainfall is about 250 h at Cochin and 110 h at  Minicoy. Half the total rain from heavy falls is received in a fifth of the total 
duration; half the total duration accounts for only a fifth of the total rain from light falls. 
The association between cumulative percentage rainfall (x) and cumulative percentage rain duration ( y )  is found to be of 
the form x = ay exp (by') where a, b and c are empirical constants. The average rain intensity varies from about 1 mm/h to 
25 mm/h along this rainfall curve. An equation of the same form also gives a satisfactory representation of the variation of 
cumulative percentages of rain amount/rain-duration/rain hours with rain events of increasing amounts. 
KEY WORDS South-west monsoon rainfall Diurnal variation Amount-duration-intensity relationships 
INTRODUCTION 
The south-west monsoon rains set in over the south-west Arabian sea and the south Kerala coast by the end of 
May or the beginning of June and rapidly advance northward along the west coast of the peninsula. Kerala 
and the Arabian sea island stations continue to experience rains from the south-west monsoon till the end of 
September and thereafter till the end of December from the north-east monsoon. The latter represents the 
retreating phase of the south-west monsoon although the lower tropospheric circulation features and the 
rainfall characteristics are different in the two monsoon seasons. 
The monsoon rainfall has spatial and temporal variations on different scales. Apart from the year-to-year 
variations in the monsoon activity, the diurnal variation is a well known and important feature manifested by 
several meteorological parameters in the tropics, including rainfall. A number of studies exist relating to the 
diurnal variation of rainfall at Indian stations (Iyer 1946; Iyer and Dass, 1946; Mulky, 1947; Narasimhan and 
Zafar, 1958; Rao and Raman, 1958; Prasad, 1970; Ananthakrishnan, 1977; Ananthakrishnan et a/., 1979a). A 
comprehensive survey of the literature relating to the diurnal variation of tropical rain and cloud has been 
published by Gray and Jacobson (1977). Despite the large volume of literature on the subject, there are still 
several gaps in our understanding of the physical causes responsible for the observed diurnal variations of 
rainfall at tropical stations, e.g. the substantial differences in the diurnal variation depending upon the location 
of the station (coastal, island, interior, etc.). 
The present study is addressed to a detailed examination of several features of the south-west monsoon 
rainfall at the two low latitude stations of Cochin (9" 58' N; 76"41' E; 3 m a.s.1.) and Minicoy (8" 18' N; 73"W E; 
2 m ad . ) .  Cochin is a coastal station in Kerala, whereas Minicoy is an island station in the south-east Arabian 
sea about 400km to the west-south-west of Cochin-see Figure l(a). As per the records of the India 
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Figure l(a). Station locations; (b) monthly and pentad normal rainfall of Cochin; (c) monthly and pentad normal rainfall of Minicoy 
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Meteorological Department (IMD, 1962), Cochin has a normal annual rainfall of 3047 mm, of which 1969 mm 
(- 65 per cent) is received during the south-west monsoon season from 1 June to 30 September (122 days). The 
corresponding figures for Minicoy are 1640 mm and 91 5 mm (- 56 per cent). Graphical presentations of the 
distribution of normal rainfall at the two stations month-wise and pentad-wise are shown in Figures l(b) 
and (c) (Ananthakrishnan and Pathan, 1971). At both the stations the monsoon rainfall reaches a peak in 
pentad 32(5-9 June) with a decline thereafter, reachinga minimum around pentad 52(mid-September). Thereisa 
secondary maximum around mid-October at Cochin; at Minicoy the secondary maximum is less pronounced 
and occurs somewhat later. 
The records of the self-recording rain gauges at the IMD observatory stations at Cochin and Minicoy form 
the basis for the study presented in this paper. Using the data furnished by these charts the following aspects of 
the south-west monsoon rainfall at the stations have been examined: 
(a) diurnal variation of rain amount and rain duration for different rainfall categories 
(b) relation between cumulative percentage rain amount and cumulative percentage rain duration 
(c) association between rainfall of increasing hourly amounts and the cumulative percentages of (i) rain 
amount, (ii) rain duration and (iii) rain hours. 
METHODOLOGY 
The methodology of data analysis is explained in this section; the results are presented and discussed in 
subsequent sections. 
The day is divided into the 24 chronological hourly intervals (00-Ol), (01 -02), . . . , (23-24) h Indian Standard 
Time (IST = GMT + 05 30 h). We shall designate these intervals by H , ,  H , ,  . . . , HZ4. From the daily self- 
recording rain-gauge charts the rain amount r (in mm) and the rain duration t (in mm) are estimated for each of 
the chronological hours. We shall designate the rainfall occurring within a chronological hour as a rain event. 
Each rain event is thus characterized by two parameters, rand t ,  which are estimated from the records correct 
to 0.1 mm and 1 min, respectively. The maximum limit of t is 60min when the rainfall extends through the 
entire hour. No such limit exists for r. When rainfall commences during a chronological hour and extends into 
the subsequent hour or hours without break, it is regarded as separate rain events for the chronological hours 
through which the rain spell extends. 
The rain amount r associated with a rain event is the rainfall occurring in a chronological hourly interval. It 
is similar to the daily rainfall, which is the rain amount recorded during an interval of 24 h. We designate the 
chronological hour pertaining to a rain event as a rain hour on the analogy of the rain day which is a day on 
which a measurable amount of rain is recorded. In both cases the actual rain duration will be less than the 
sampling interval except in the special cases when the rainfall has continued through the entire hour or entire 
day. 
Seasonal rainfall and its diurnal variation 
Consider any chronological hour H, in which n rain events have occurred. For the south-west monsoon 
season of 122 days, n < 122. (For the 10 year period considered in the present study n < 1220.) Let r l ,  r , , .  . . , r ,  
be the rain amounts and t , ,  t,, ... . , t ,  the corresponding rain durations associated with the n events. We assume 
that r l ,  r,, . . . , r, are arranged in ascending order. The corresponding t , ,  t , ,  . . . , t, have no such order since the 
value oft  associated with any r can vary from 1 to 60min. For the hour H ,  under consideration we then have 
ri = A,, the total rain amount 
1 ti = D,, the total rain duration 
A,/D, = I , ,  the average rain intensity 
i =  1 
n 
i =  1 
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Ak/n = average rain amount during the hour 
D,/n = average rain duration during the hour 
(n/122)100 = P,, the percentage probability of occurrence of rain during the hour 
The analysis of the hourly rainfall data provides the following set of values for the 24 chronological hourly 
intervals: 
hourly intervals 
(i) rain events 
(ii) rain amounts 
(iii) rain durations 
(iv) rain intensities 
(v) probability of 
occurrence of rain 
(vi) average rain amount 
per rain hour 
(vii) average rain duration 
per rain hour 
The seven sets of values denote the diurnal variations of the respective parameters for the seasonal rainfall. For 
the seasonal total we have 
2 A ,  = A, the rain amount 
k = l  
2 4  
k = l  
Dk = D, the rain duration 
2 nk = N ,  the number of rain events or rain hours 
k = l  
AID = I ,  the average rain intensity 
AIN = average rain amount per rain hour 
DIN = average rain duration per rain hour 
100N/(122 x 24) = P, the mean probability of rain 
occurrence in any chronological hour 
Ruin events below and above specified ruin amounts 
basis of the respective rain amounts (r):  
The rain events during the chronological hours are also analysed under the following five categories on the 
(i) rain events with r c 5 mm 
(ii) rain events with r 2 5 mm 
(iii) rain events with r 2 lOmm 
(iv) rain events with r 2 15 mm 
(v) rain events with r 2 20mm 
Since the rain amounts r l ,  r t ,  . . . , r, pertaining to the rain events in the individual chronological hours have 
already been arranged in ascending order, the sets (r ,  t )  for the five categories can be readily sorted out and an 
analysis similar to that indicated in the previous subsection can be carried out for each of the five categories. 
Such a study throws light on the diurnal variation of rain events with progressively increasing rain amounts. It 
may be noted that categories (i) and (ii) are complementary. 
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Association between cumulative percentage rain amount and ( i )  cumulative percentage rain duration, ( i i )  
cumulative percentage ruin hours 
(i) Consider the seasonal rainfall consisting of N rain events with rain amounts r l , r Z ,  ..., rN and 
corresponding rain durations t , ,  t , ,  . . . , t,. 
We assume that the r series is arranged in ascending order; there is no such order in the t series. 
N 2 ri = A ,  the total seasonal rain amount 
1 t i  = D, the total seasonal rain duration 
AID = I, the average seasonal rain intensity 
i =  1 
N 
i =  1 
Let 
xo = 0 
x1 = 100(r,)/A 
x, = 100(r, + r J A  
... 
X N  = 100(rl + ..* + r N ) / A  = 100 
Yo = o  
Y l  = 1ow, ) /D  
Y, = W t ,  + t2YD 
... 
yN = 100(t, + "' + tN)/D = 100 
By graphically plotting the corresponding values of x and y we obtain a curve showing the association between 
cumulative percentage rain amount (x-axis) and cumulative percentage rain duration (y-axis)-see curves A in 
Figures 4(a) and 5(a). 
The slope of this curve at  any point (x,y) is given by 
dyldx = (100dq/D)/(100dp/A) = (dq/dp)(A/D) 
where dp is an elementary increment in the cumulative rain amount and dq is the corresponding increment in 
the rain duration. Hence 
dpldq = (dX/dY)(A/D) (1) 
dp/dq is the average rate of rainfall or rain intensity corresponding to the point (x, y) on the curve. We note that 
the rain intensity at any point of the curve is equal to the inverse of the slope at that point multiplied by the 
average seasonal rain intensity. 
(ii) We again consider the seasonal rainfall made up of N rain events with amounts r l ,  r , ,  . . . , rN arranged in 
ascending order. These amounts are associated with N rain hours 1,2,. . . , N .  Let 
x, = 100(rl + ... + r , ) /A 
Y" = 1 W n ) / N  
x0 = yo = 0 and x N  = y, = 100 
The curve obtained by plotting the corresponding values of x and y represents the association between 
cumulative percentage rain amount and cumulative percentage rain hours-see curves B in Figure 4(a) and 
564. 
The slope of the curve at any point yields 
dpldq = (dX/dY)(A/N) (2) 
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Here dp is an elementary increase in the cumulative rain amount and dq is the corresponding increment in the 
rain hour. 
Since the rain hour is an overestimate of the actual rain duration, more especially for rain events of small 
amounts, the cumulative curve B in respect of rain hours lies above the corresponding curve A in respect of rain 
duration. Analytical equations to represent these curves will be considered later. 
In the preceding we have considered the seasonal rainfall for all the rain hours and the associated rain events. 
The same type of study can be made for groups of hours with distinctly different rainfall regimes in the diurnal 
cycle-see Figures qb) ,  qc),  5(b) and 5(c). 
Association between rain events of increasing amounts with cumulative percentages of (i) rain amount, (ii) rain 
duration and (iii) rain hours 
Let the seasonal rainfall consist of N rain events (rain hours) with rain amounts r l ,  r,.. . . , rN arranged in 
ascending order with corresponding rain durations t , ,  t , ,  . . . , t,. Then the mathematical representations of the 
three cases under consideration are 
(i) x, = r,, y, = 100(r, + r z  + ... + rJA 
(ii) x, = r,, y, = 100(t, + t 2  + ... +.t,)/D 
(iii) x, = r,, y, = 100(n)/N 
In all cases the value of x varies from 0 to rN and the value of y ranges from 0 to 100 per cent. By plotting the 
corresponding values of x and y we obtain three curves which represent the manner in which rain events of 
increasing amounts contribute towards cumulative rain amount, cumulative rain duration and cumulative 
rain hours-see curve C, D, E of Figures 4(d) and 5(d). The slopes of the three curves are given by 
(i) dy/dx = (dp/dr)(100/A) 
(ii) dy/dx = (dt/dr)(100/D) 
(iii) dy/dx = (dn/dr)( 100/N) 
where dp, dt and dn are elementary increments in the cumulative rain amount, rain duration and rain hour, 
respectively, corresponding to the rain increment dr  for the rain event. 
Analytical representations of these curves and their significance are considered in later sections. 
DIURNAL VARIATIONS 
The study presented in this and subsequent sections is based on the data collected from the self-recording rain- 
gauge charts of Cochin and Minicoy for the 10-year period 1973-1982. 
Cochin 
The diurnal variations of rain amount and rain duration for the five categories of rain events 
mentioned in the previous section are shown diagrammatically in Figures 2(a) and 2(b). The amount 
and duration of rain for any hourly interval are plotted against the end of the hour. For each category the 
continuous curve shows the diurnal variation of the actual rain amounts and durations; the broken curves 
show the diurnal variation when these are expressed as percentage values of the total for 24 hours. In the 
absence of diurnal variation each hour will receive - 4.2 per cent of the daily total. This is indicated by the 
horizontal broken line, whereas the continuous horizontal line denotes the actual mean. Since the hourly 
values of amounts and durations progressively decrease when rain events below specified amounts are 
excluded, the manner in which the amplitude of the diurnal variation changes with increasing amounts is more 
clearly brought out by the percentage variation curves which are comparable quantitatively among 
themselves. 
Table I gives data relating to the diurnal variation of amounts and durations for the seasonal rainfall in the 
different categories. The maxima occur around 03-04 h and the minima around 14-15 h. The ratio of the 
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Figure 2(a). Diurnal variation of rain amount at Cochin 
Table 1. South-west monsoon rainfall: Cochin 
Rain amounts (mm) Rain duration (hrs) 
Rain Intensity 
events Total Max Min Max/ Total Max Min Max/ l = A / D ,  
(period) (period) Min (D) (period) (period) Min mm/h (N) ( A )  
All 1955 128 51 2.5 2503 15.8 6 5  2.4 7.8 
<5mm 66 1 41 18 2.3 166.5 10  1 4.4 2.3 40 
2 5 m m  1294 87 28 3.1 83.8 6.2 1.7 3.6 15.4 
3 lOmm 749 54 12 4.5 34.7 3.0 0.6 5.0 21.6 
Z l 5 m m  436 32 06 5.3 16.3 1-5 0 1  15.0 267 
220mm 278 25 0 8.4 0.9 0 - 33.1 
(575) (100%) (03-04) (14-15) (100%) ((03-04) (15-16) 
(449) (33.8%) (03-04) (1 3- 14) (665%) (03-04) (15-16) 
(125) (66.2%) (03-04) (14-15) (33.5%) (04-05) (14-15) 
(46) (38.3%) (03-04) (18-19) (1 3.9%) (04-05) (14-1 5) 
(19) (22.3%) (04-05) (18-19) (6.5%) (04-05) (12-13) 
- 
(9) (14.3%) (09-10) (17-18) (3.3%) (09-10) (17-18) 
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m a x i m u m  t o  t h e  m i n i m u m  b r i n g s  o u t  t h e  p r o g r e s s i v e  i n c r e a s e  i n  t h e  a m p l i t u d e  o f  t h e  d i u r n a l  v a r i a t i o n s  f o r  
r a i n  e v e n t s  o f  i n c r e a s i n g  a m o u n t s .  T h e  l a s t  c o l u m n  o f  t h e  t a b l e  g i v e s  t h e  a v e r a g e  r a i n  i n t e n s i t i e s  w h i c h  i n c r e a s e  
f r o m  7 . 8  m m / h  f o r  t h e  t o t a l  m o n s o o n  r a i n f a l l  t o  2 6 . 7  m m / h  f o r  r  2  1 5  m m .  
A  l i t t l e  o v e r  6 0  p e r  c e n t  o f  t h e  s e a s o n a l  r a i n f a l l  i s  r e c e i v e d  d u r i n g  t h e  1 2 - h o u r  p e r i o d  2 1  t o  0 8  h  ( n i g h t )  a n d  a  
l i t t l e  l e s s  t h a n  4 0  p e r  c e n t  d u r i n g  t h e  i n t e r v a l  0 9  t o  2 0  h  ( d a y ) .  A l m o s t  t h e  s a m e  r a t i o  o b t a i n s  f o r  t h e  r a i n  
d u r a t i o n  a l s o .  
T h e  a v e r a g e  n u m b e r s  o f  r a i n  e v e n t s  ( r a i n  h o u r s )  i n  t h e  v a r i o u s  c a t e g o r i e s  a r e  g i v e n  i n  t h e  f i r s t  c o l u m n  o f  
T a b l e  I .  T h e y  s h o w  a  r a p i d  d e c r e a s e  f r o m  5 7 5  i n  a l l  t h e  c a t e g o r i e s  t o  9  f o r  e v e n t s  3  2 0 m m .  T h e  a v e r a g e  r a i n  
a m o u n t  p e r  e v e n t  ( A / N )  i n c r e a s e s  s t e a d i l y  f r o m  1 . 4 7  m m  f o r  r  <  5  m m  t o  3 0 . 8 8  m m  f o r  r  3  2 0  m m .  S i m i l a r l y  t h e  
a v e r a g e  r a i n  d u r a t i o n  p e r  e v e n t  ( D I N )  p r o g r e s s i v e l y  i n c r e a s e s  f r o m  0 . 3 7  h  f o r  r  <  5  m m  t o  0 . 9 3  h  f o r  r  2  2 0  m m .  
N o t e  t h a t  w i t h  i n c r e a s i n g  v a l u e s  o f  r  t h e  d u r a t i o n  o f  a n  e v e n t  a p p r o a c h e s  o n e  h o u r .  T h e  a v e r a g e  r a i n  i n t e n s i t y  
( A I D )  i s  7 . 8 m m / h  f o r  t h e  t o t a l  s e a s o n a l  r a i n f a l l .  I t  v a r i e s  f r o m  4 * 0 m m / h  t o  3 3 . 1  m m / h  f o r  t h e  d i f f e r e n t  
c a t e g o r i e s  o f  e v e n t s .  F o r  h i g h  v a l u e s  o f  r  t h e  q u a n t i t i e s  A I D  a n d  A / N  t e n d  t o  e q u a l i t y .  
T h e  d i u r n a l  v a r i a t i o n  o f  t h e  n u m b e r  o f  r a i n  e v e n t s  r a n g e s  f r o m  3 5  t o  1 5  b e t w e e n  t h e  m a x i m u m  a n d  
m i n i m u m  r a i n f a l l  e p o c h s ;  f o r  e v e n t s  2  5  m m  t h e  c o r r e s p o n d i n g  n u m b e r s  a r e  8  a n d  3 .  T h e  p r o b a b i l i t y  ( P )  o f  a  
r a i n  e v e n t  i s  a b o u t  2 0  p e r  c e n t  f o r  t h e  t o t a l  s e a s o n a l  r a i n f a l l  w i t h  h o u r l y  v a l u e s  r a n g i n g  b e t w e e n  3 0  a n d  1 5  p e r  
c e n t .  T h e  P  v a l u e s  d e c r e a s e  r a p i d l y  f o r  h i g h e r  v a l u e s  o f  r ;  f o r  e x a m p l e  f o r  e v e n t s  2  l O m m  t h e  m a x i m u m  a n d  
m i n i m u m  v a l u e s  o f  P  a r e  a b o u t  3  a n d  1  p e r  c e n t ,  r e s p e c t i v e l y .  T h e  d i u r n a l  v a r i a t i o n  o f  t h e  r a i n  i n t e n s i t y  ( I )  i s  
1" 
oy 0,' 3' 2' a f i. 
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R a i n  a m o u n t s  ( m m )  R a i n  d u r a t i o n  ( h )  
R a i n  . _  I n t e n s i t y  
e v e n t s  T o t a l  M a x  M i n  M a x /  T o t a l  M a x  M i n  M a x /  I =  A I D ,  
( N )  ( A )  ( p e r i o d )  ( p e r i o d )  M i n  ( D )  ( p e r i o d )  ( p e r i o d )  M i n  m m / h  
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Figure 3(b). Diurnal variation of rain duration at Minicoy 
not conspicuous. This is because of the almost parallel march of the diurnal variations of the amount and 
duration of rainfall. 
Minicoy 
Similar data for Minicoy are presented in Figures 3(a) and 3(b) and in Table 11. The seasonal rain amount 
and rain duration for this station are less than half those of Cochin for the period covered by the present study. 
The general patterns of diurnal variation are similar for the two stations. Minicoy also receives about 60 per 
cent of the seasonal rainfall during the nocturnal (21 -08) hours. The manner in which the rain events decrease 
with increasing amounts can be seen from the first column of Table 11. The probability of a rain event is 10 per 
cent for the entire season with hourly values ranging from 14 to 9 per cent. 
Tables I and I1 show that the integrated duration of monsoon rainfall is a little over 10 days at  Cochin and a 
little less than 5 days at Minicoy. Rain events with r 2 5 mm, which account for about two-thirds of the rainfall, 
cover only a third of the rain duration. These are typical features of the monsoon rainfall. 
CUMULATIVE PERCENTAGE RAIN AMOUNT IN RELATIONSHIP TO (i) CUMULATIVE 
PERCENTAGE RAIN DURATION AND (ii) CUMULATIVE PERCENTAGE RAIN HOURS 
(i) Curves A in Figures 4 and 5 depict the manner in which the cumulative percentage rain amount (x-axis) 
varies with cumulative percentage rain duration (y-axis) for the total seasonal rainfall (00-24 h) and for the 12- 
MONSOON RAINFALL OF COCHIN AND MINICOY 365 
7. .A. loo, 
I / /  4y 
2 (d) 
1 , x  
I0 40 ' 20 30 
0 
0 20  40 60 Dmn 
lo% 
Figure 4. Cochin (June-September). Curves A, B: cumulative percentage rain amount (x-axis) Venus cumulative percentage rain 
duration (A) and cumulative percentage rain hours (B) (y-axis). Curves C, D, E: rain events of increasing amounts (x-axis) versus 
cumulative percentage rain amount (C), cumulative percentage rain duration (D), and cumulative percentage rain hours (E) (y-axis) 
hourly rainfalls (21-08 h and 09-2Oh). These curves can be approximately represented by the equation 
x = ay exp (by) (3) 
where a and b are empirical constants to be determined from the observational data. Such an equation to 
represent cumulative percentages of rainfall and rain days has been suggested in some earlier studies 
(Olascoaga, 1950; Riehl 1954, 1979; Rai Sircar, 1955). 
Equation (3) has to satisfy the boundary conditions x = y = 0 and x = y = 100. From the second boundary 
condition it follows that 
a=exp(-100b) (4) 
Hence equation (3) reduces to 
x=yexpb(y- 100) ( 5 )  
and so in effect there is only one constant in equation (3). The two constants a and b mentioned in earlier studies 
are connected by equation (4). 
The single constant b in equation (5 )  can be determined from one pair of values (x, y). For both Cochin and 
Minicoy the observational data show that for x = 50 per cent, y = 79 per cent. The value of b was evaluated 
using this pair of values, which correspond to half the cumulated seasonal rainfall. In Table 111 are given the 
observed and calculated values of x for different values of y. These relate to the 24-hour rainfall depicted by 
the curves A in Figures *a) and 5(a). It can be seen that the two sets of values are in reasonable agreement 
showing that equation (3)-which is the same as (5)-gives a fairly good analytical representation of the 
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Omm 
Figure 5 .  Minicoy (June--September), Curves A, B, C, D, E have the same meaning as for Cochin (Figure 4) 
association between the two parameters x and y. The value of the constant h and the derived values of a are 
given at  the bottom of the table. 
As explained in the methodology section 2, the slope of the curve A is related to the rain intensity. From 
equation (3) the slope at any point of the curve is given by 
dy/dx = (y/x)/(l + by) = (l/a)exp(- bY)/(l +by) 
=expb(100-y)/(1 +by) 
= tan8 
where 0 is the angle which the tangent makes with the x-axis. It can be easily seen that the slope of the curve at 
the origin (x = y = 0) is l/a and at the other extremity (x = y = 100) at is 1/(1 + 100 b). 
In Table I11 the values of the angle 0 are listed for the various values of y. Making use of equation (1) the 
calculated values of the average rain intensity are also given in the table. Note that as per Tables I and 11, AID 
has the values 7.8 mm/h for Cochin and 7.9 mm/h for Minicoy. At both stations the rain intensity increases 
progressively from about 1 mm/h to 25 mm/h. The observational data show that for events with r 2 20 mm the 
rain duration approaches 60 min, so that r is also numerically almost equal to the rain intensity in mm/h. 
It is also seen that rain events below r = 25mm account for 93 per cent of the total rain amount in about 
99 per cent of the rain duration. Only about 0.5 per cent of the rain events exceed the value of 25 mm. These 
are sporadic events which give 7 per cent of the monsoon rainfall in less than 1 per cent of the total duration. 
The intensities of such events cannot be obtained from the rainfall curve A which is a smoothed representation 
of the association between the cumulative percentages of the two rainfall parameters. 
A more general representation of the association between x and y is given by the following equation: 
x = ay exp (by') (7) 
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Table 111. Cumulative percentage rain amount, rain duration and rate of rainfall (rain intensity) 
Y 
0 
10 
20 
30 
40 
50 
60 
70 
75 
80 
85 
90 
92.5 
95 
97.5 
100 
Cochin Minicoy 
XO xc Ax H 2 
- ~ _ _ _ _ ~ ~  - _ _ _  
0 0 0 83.5 0.89 
1.2 1.4 0.2 803  1.33 
3.5 3.5 0 75.9 1.96 
6.7 6.5 - 0.2 70.2 2.8 1 
11.5 10.8 -0.7 63.1 3.96 
18.0 16.8 - 1.2 54.9 5.48 
26.2 25.1 - 1.1 46.0 7.53 
37.0 36.4 -0.6 37.3 10.24 
43.5 43.5 0 33.2 11.92 
5 1.0 51.7 0.7 29.4 13.84 
60.0 61.3 1.3 25.9 16.06 
69.0 72.4 3.4 22.8 18.55 
75.0 78.5 3.5 21.3 20.0 I 
82.0 85.2 3.2 20.0 2 1.43 
90.0 92.3 2.3 18.7 23.04 
100 100 0 17.5 24.74 
xc Ax 
0 
2.0 
5.5 
8.5 
13.0 
20.0 
27.5 
37.5 
44.0 
51.0 
59.5 
68.5 
75.0 
81.0 
90.0 
100 
0 0 
1.4 -0.6 
3.5 -2.0 
6.5 -2.0 
10.8 - 2.2 
16.8 - 3.2 
25.1 - 2.4 
36.4 - 1.1 
43.5 -0.5 
5 1.7 0.7 
61.3 1.8 
72.4 3.9 
78.5 3.5 
85.2 4.2 
92.3 2.3 
100 0 
6 2 
83.5 0.90 
80.3 1.35 
75.9 1.98 
70.2 2.84 
63.1 4.01 
54.9 5.55 
46.0 7.63 
37.3 10.37 
33.2 12.07 
29.4 14.02 
25.9 16.27 
22.8 18.79 
21.3 20.26 
20.0 21.71 
18.7 23.34 
17.5 25.05 
-~ __..- 
b = 0021 78; a = exp( - 1Do h) = 0.1 1324 
y =cumulative percentage rain duration 
x, = cumulative percentage rain amount (observed) 
x, = cumulative percentage rain amount (calculated) 
0 =angle which the tangent to the curve at the point y makes with the .x-axis (degrees) 
z = rate of rainfall (mrnih) 
AX = X, - X, 
Table IV. Cumulative percentage rain amount, rain duration and rate of rainfall (rain intensity) 
Cochin Minicoy 
~. Y 
x o  x c  Ax a 2 x o  xc Ax 0 z 
0 0 
10 1.2 
20 3.5 
30 6.7 
40 11.5 
50 18.0 
60 26.2 
70 37.0 
75 43.5 
80 51.0 
85 60.0 
90 69.0 
92.5 75.0 
95.0 82.0 
97.5 9 0 0  
100 100 
0 
2.0 
4.5 
7.8 
12.1 
18.0 
26.0 
36.8 
43.7 
51.7 
61.1 
72.0 
78.2 
84.9 
92.1 
100 
0 79.5 1.45 0 0 
0.8 77.6 1.71 2.0 3.0 
1.0 74.2 2.2 1 5.5 6.2 
1.1 69.4 2.93 8.5 9.8 
0.6 63.3 3.92 13.0 14.3 
0 55.7 5.32 20.0 20.0 
-0.2 47.2 7.22 27.5 27.5 
- 0.2 38.3 9.88 37.5 37.6 
0.2 34.1 11.52 44.0 44.0 
0.7 30.0 13.51 51.0 51.5 
1.1 26.3 15.78 59.5 60.6 
3.0 22.8 18.55 68.5 71.4 
3.2 21.3 20.0 1 75.0 77.6 
2.9 19.8 21.67 81.0 84.4 
2.1 18.4 23.45 90.0 91.8 
0 17.0 25.51 100 100 
0 73.7 2.3 1 
2.0 73.1 2.40 
0.7 71.3 2.67 
1.3 68.1 3.17 
1.3 63.4 3.96 
0 57.1 5.1 1 
0 49.2 6.82 
0.1 40.2 9.35 
0 35.7 11.00 
0.5 31.2 13.04 
1.1 26.9 15.57 
2.9 23.0 18.61 
2.6 21.1 20.47 
3.4 19.4 22.43 
1.8 17.8 24.60 
0 16.3 27.01 
a = 0,1849 
6 = 3.51 x 
c = 1.341 
a = 0.2927 
b= 1.372 x 10 
c = 1.976 
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Here a, b and c are empirical constants to be evaluated from the observational data. Note that for c = 1, (7) 
reduces to (3). Equation (7) has also to satisfy the two boundary conditions mentioned earlier. Expressing the 
equation in the form 
a exp (by') = x/y (8) 
three pairs of corresponding values (x, y) are required to evaluate the three constants. Of this, one pair is given 
by the upper boundary condition x = y = 100 which leads to the relation a exp (b x 1W) = 1. Two more sets of 
values have to be chosen from the observational data. The value of x for y = 50 and the value of y for x = 50 
were selected to evaluate the constants a, b and c. In Table IV arc given the values of the constants thus 
determined and also the calculated values of x together with the observed values over the range of y. 
Comparison with Table I11 shows that there is a small improvement using the three-constant formula (7) in 
place of the single constant formula (3) 
The slope of the curve represented by equation (7) is given by 
dy/dx = (l/a) exp ( - by')/( 1 + bcy') = tan 0 (9) 
From this it follows that the slope at the origin is l/a and the slope at the upper end of the curve is 1/(1 + 
bc x lW). The angles 0 and the rain intensity ( z )  for various values of y calculated using (9) are also listed in 
Table IV. Except close to the origin, the values are in general agreement between Tables I11 and IV. 
(ii) The curves Bin Figures 4 and 5 represent the association between cumulative percentage rain amount (x- 
axis) and cumulative percentage rain hours (y-axis). In this case it is found that the single-constant formula (3) 
does not give a satisfactory fit with the observational data, whereas the three-constant formula (7) gives agood 
representation. The constants a, b, and c obtained in the manner explained earlier, together with the observed 
and calculated values of x over the full range of y are given in Table V. Although the rainfall curves A and B 
have the same end points, curve B lies above the curve A. This is because the rain hour is an overestimate of the 
actual rain duration, except for events of high amounts. 
The curves A and B in Figures 4(a) and 5(a) relate to the total seasonal rainfall during 00-24 h. The 
corresponding curves in Figures qb),  qc), 5(b) and 5(c) relate to the rainfall for the 12-hourly intervals 21-08 
Table V. Association between cumulative percentage rain amounts and rain hours 
Cochin Minicoy 
X O  xc Ax X O  xc Ax 
Y 
0 
10 
20 
30 
40 
50 
60 
70 
75 
80 
85 
90 
92.5 
95 
97.5 
100 
0 0 
1.2 1.5 
1.8 3.1 
3.4 4 9  
6 3  7.1 
100 10.0 
15.4 144 
23.5 21.3 
29.5 26.5 
36.0 33.4 
44.7 42.7 
55.0 55.6 
63.0 63.9 
71.5 73.8 
83.0 85.7 
100 100 
0 
0.3 
1.3 
1.5 
0.8 
0 
- 1.0 
- 2.2 
- 3.0 
- 2.6 
- 2.0 
0 6  
0 9  
2.3 
2.7 
0 
0 
1 .o 
2.3 
3.0 
5.3 
9.0 
14.3 
21.3 
265 
33.5 
42.5 
545 
62.0 
72.5 
84.5 
100 
0 
1.2 
2.6 
4.1 
6 1  
9.0 
13.4 
20.6 
25.9 
33.0 
42.6 
55.7 
64.1 
74.1 
85.7 
100 
0 
0 2  
0.3 
1.1 
0.8 
0 
- 0.9 
- 0 7  
- 0 6  
- 0.5 
0.1 
1.2 
2.1 
1.6 
1.2 
0 
a = 01532 
h =4.5 x 10-6 
c = 2.81 
a = 01236 
b = 2 4  x lo-' 
c = 2.47 
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and 09-20 h. The rain amounts for the three intervals are nearly in the ratio 100:60:40. Nevertheless, the 
cumulative rainfall curves are practically identical, which shows that the characteristics of the rain events do 
not differ significantly in the three cases. 
ASSOCIATION BETWEEN RAIN EVENTS OF INCREASING AMOUNTS WITH 
CUMULATIVE PERCENTAGES OF: (i) RAIN AMOUNTS; (ii) RAIN DURATION; 
AND (iii) RAIN HOURS 
The curves C, D and E in Figures 4(d) and 5(d) represent the associations (i), (ii) and (iii), respectively, for the 
seasonal rainfall. Here the x-axis represents the values of r from 0 to 50mm and the y-axis represents the 
cumulative percentages of the three parameters. All the three curves can be satisfactorily represented by the 
three-constant formula (7). It should be noted that the upper boundary condition x = y = 100 is not applicable 
in the present cases. The values of x corresponding to y = 50,80 and 95 per cent were chosen for evaluation of 
the constants a, b and c, the values of which are listed at the bottom of Tables VI and VII. The observed and 
calculated values of x given in the tables show good agreement for all the curves. The calculated values of x for 
y = 100 are also given in the tables. 
Inspection of the numerical values in Table VI shows the following significant features of the monsoon 
rainfall at Cochin: 
(i) Rain events with r values not exceeding 7.0, 1 5 5  and 30.0 mm contribute 50,80 and 95 per cent of the 
(ii) Rain events with r values not exceeding 25,7.5 and 17.5 mm contribute 50,80 and 95 per cent ofthe total 
total rain amount (A). 
rain duration (D). 
Table VI. Association between rain events of increasing amounts (r) with cumulative percentages of (A) rain amount, (B) 
rain duration and (C) rain hours: Cochin 
(A) (B) (C) 
xo xc e xo xc 0 XO xc 0 
Y 
0 0 0 82.3 0 0 87.5 0 0 89.4 
10 1.5 1.3 82.3 0 4  0-4 87.5 0 1  0 1  89.4 
20 2.8 2.7 82.3 0 7  0 9  87.4 0.2 0.2 89.2 
30 4.2 4.1 82.2 1 .o 1.3 87.3 0 4  0 4  88.9 
40 5.5 5.5 81.8 1.5 1.9 86.8 0 7  0.6 88.3 
50 7.0 7.0 80.7 2,5 2.5 85.7 1 .o 1 .o 87.2 
60 9.0 8.9 78.1 3.4 3.4 83.6 1.7 1.7 85.1 
70 11.6 11.4 72.6 5.0 4.9 79.3 2.9 2.9 81.1 
75 13.4 13.2 68.0 6.2 6.0 75.6 3.7 3.7 77.8 
80 15.5 15.5 61.6 7.5 7.5 703 5.0 5.0 73.2 
85 18.5 18.7 53.1 9.6 9.6 62.9 6.5 6 9  67.0 
90 23.0 23.3 42.3 12.3 12.8 52.9 8.5 9.4 58.9 
92.5 26.3 26.3 36.9 14.6 14.9 46.9 11.0 11.0 54.1 
95 300 300 31.0 17.5 17.5 40.7 13.0 13.0 49.2 
97.5 37.0 34.6 25.6 23.0 20.7 34.6 16.5 15.4 43.2 
40.5 208 - 24.9 28.4 18.3 38.3 - - 100 
a = 01353 
b = 1.0856 x lo-'' 
c = 5.002 
a = 0.0437 
b = 7.1145 x lo-' 
c = 3.694 
a = 9.668 x low3 
b = 2.7417 x 
c = 2.015 
y = cumulative perantages for categories (A), (B) and (C) 
x, = observed values of rain amounts ( r )  of events 
x, =calculated values of rain amounts (r)  of events 
0 =angle which the tangent to the curve at the point y makes with the x-axis 
370 R. ANANTHAKRISHNAN AND C. K. RAJAN 
Table VII. Association between rain events of increasing amounts ( r )  with cumulative percentages of(A) rain amount, (B) 
rain duration and (C) rain hours: Minicoy 
(B) (C) __ -. (A) Y 
xo xc 0 x o  xc 0 xo xc e 
___ _____~_____  
0 0 0 82.8 0 0 88.3 0 0 89.1 
10 1.2 1.3 82.8 0.3 0.3 88.3 0.1 0.1 89.1 
20 2.3 2.5 828  0.5 0.6 88.2 0.3 0.3 89.1 
30 3.5 3.8 82.7 1 .o 0.9 87.8 0.4 0.5 88.9 
40 4.8 5.1 82.4 1.5 1.4 87.1 0 7  0.7 88.6 
50 6.5 6.5 81.4 2.0 2.0 85.8 1 .o 1 .o 87.9 
60 8.5 8.2 78.8 2.8 2.9 83.4 1.5 1.5 86.4 
70 11.2 10.7 72.6 4.5 4.4 79.1 2.3 2.3 83.4 
75 12.7 125  67.2 5.5 5.5 75.8 3.0 3.0 80.8 
80 15.0 15.0 59.2 7.0 7.0 71.3 4.0 4.0 76.8 
85 17.7 18.6 48.7 8.5 9.0 65.3 5.0 5.4 70.7 
90 22.0 24.1 36.1 105 11.7 57.5 7.0 7.6 61.9 
92.5 26.5 28.0 29.7 13.0 13.4 53.1 9.0 9.1 56.1 
95 33.0 33.0 23.7 15.5 15.5 48.0 11.0 11.0 49.9 
97.5 45.0 39.5 18.3 21.5 17.9 42.9 15.0 13.4 42.9 
I 0 0  48.2 14.0 - 20.9 37.9 - 16.4 36.1 - 
u = 01261 
h = 1.6344 x lo-" 
c = 5.457 
u = 0.02876 
b = 1.3278 x 
c = 2.587 
u =0.01513 
h = 1.5259 x 
c = 3.097 
(iii) Rain events with r values not exceeding 1.0,5.Oand 13.0 mm contribute 50,80and 95 per cent of the total 
Thus 5 p e r  cent of the rain events with amounts in excess of 13 mm account for about 25 per cent of the total 
rain amount and 10 per cent of the rain duration at the upper end of the rainfall curves. This explains the nature 
of the three rainfall curves C ,  D and E. E has the greatest slope and C the least at the origin; E approaches the 
100 per cent limit more rapidly than D and the latter more rapidly than C.  This makes clear why the calculated 
values of x for y = 100 per cent differ in the three cases. For the calculated values of x given in the table, 
observational data show that we have already reached - 99 per cent of the cumulated values of the three 
parameters. Similar features with some variations in detail are also valid for Minicoy. 
The rainfall curves C, D and E show that the nature of the rainfall regime is different for the first 50 per cent 
and the next 50 per cent of the cumulative percentage values of the three parameters. Starting from the origin 
the curves have a nearly linear trend up to y = 50 to 60 per cent, beyond which there is a progressive decline in 
the slopes. This can be seen from the calculated values of the angle 0 given in Tables V1 and VII. 
The physical significance of the linear part of the curves corresponding to low values of r is the following. Let 
us consider the curve C relating to the cumulative rain amount. The contribution of rain events in the interval 
between r ,  and r ,  + Ar to the cumulated rain is n , r , ,  where n, is the number of such events. Similarly the 
contribution of events in the interval between r ,  and r ,  + Ar is n2r2  where n, is the number of such events. 
From the equality of the two contributions over the linear part of the curve, rz/rl = nl/n2.  Thus the number of 
rain events is inversely proportional to their amounts over the linear part of the curve pertaining to small 
values of r. This trend changes over to an exponential decrease of the number of events for large values of r. 
Similar considerations also hold good for the curves D and E. 
Considering equation (7), which gives a satisfactory fit for all the three curves, it is interesting to see how the 
linear and exponential parts on the right hand side of the equation behave as the value of y vanes from 0 to 100. 
It is found that for values of y below 50 per cent the exponential part is close to unity, so that the relation 
between x and y is practically linear. For higher values of y the exponential term becomes more and more 
dominant, so that small changes in y produce large changes in the values of x, as shown by the curves. 
rain events or rain hours ( N ) .  
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COMMENTS AND CONCLUSION 
According to the climatological records of the India Meteorological Department (IMD, 1962) the normal 
summer monsoon rainfall of 1969 mm at Cochin is spread over 83 rainy days. (A rainy day for this purpose is 
defined as a day with 2.5 mm or more of rain.) This gives an average of 23.8 mm per rainy day or 16.1 mm per 
day averaged over the 122 days of the monsoon seasons. For Minicoy, with a normal monsoon rainfall of 
91 5 mm, the number of rainy days is 54 giving an average rainfall of 17 mm per rainy day or 7.5 mm per day for 
the entire monsoon season. In an earlier study by one of us (Ananthakrishnan, 1977) it was shown that 10 to 15 
per cent of the rainy days account for 50 per cent of the monsoon rainfall at a number of stations. Hence half the 
monsoon rainfall of Cochin is received in about 10 days of heavy rain and at Minicoy in about 6 days. 
From the results of the present study it is seen that considered in terms of rain hours, the integrated 
durations of monsoon rainfall at Cochin and Minicoy are about 24 and 13 days, respectively. Fifty per cent of 
the rain amount coming from heavy falls is received in about 12 per cent of the total duration, that is in about 
72 h at Cochin and 40 h at Minicoy. These are 2.5 per cent and 1.4 per cent of the seasonal length of 122 days. A t  
the other extreme, 50 per cent of the rain hours account for 10 per cent of the cumulative seasonal rain from 
light falls. 
If we consider the actual rain duration instead of rain hours, the integrated durations of monsoon rainfall at 
Cochin and Minicoy are reduced to about 10 days and 5 days, respectively, which are 8.2 per cent and 4.1 per 
cent of the seasonal length. Fifty per cent of the rain amount originating from heavy showers is received at both 
the stations in 20 per cent of the total rain duration, that is in about 1.6 per cent and 0 8  per cent, respectively of 
the length of the rainy season. At the other extreme, 20 per cent of the rain amount originating from light falls is 
received in 50 per cent of the total rain duration. This tendency of a large percentage of the rain amount to be 
associated with heavy falls of short duration is a characteristic feature of the summer monsoon rainfall. Its 
hydrological consequences are pronounced soil erosion due to the impact of large drops on bare soil and the 
large surface run-off of the rain water under such circumstances. 
It is of interest to compare the above results with the findings of Riehl et a/.  (1973; see also Riehl, 1979) in an 
experimental study of the precipitation characteristics of eastern Venezuela during the rainy season June to 
September 1969. During the experimental period of 92 days from 1 July to 30 September, there were 76 days 
with varying amounts of rain. The average daily rainfall was 4.4 mm, which is much less than the monsoon 
rainfall at Cochin and Minicoy. On a daily basis 14 per cent of the days accounted for half the precipitation. On 
an hourly basis the corresponding percentage was 0.45. For shorter time scales of the order of minutes, it was 
found that 0.15 per cent of the time accounted for half and 1 per cent of the time for 97 per cent of the 
precipitation. These figures in respect of the shorter sampling intervals (hours, minutes) are roughly an order of 
magnitude smaller than what we have found for Cochin and Minicoy. 
As stated earlier, Cochin is a coastal station with the Arabian Sea to the west and the Western Ghats running 
north-south about 50 km to the east. Minicoy is a small island of area 4 4  km2. The study shows that the 
diurnal variation of monsoon rainfall has similar features at both the stations with early morning maximum 
and afternoon minimum. The several theories that have been proposed to explain the diurnal variation of 
tropical rainfall have been critically reviewed by Gray and Jacobson (1977). They have also suggested a new 
theory based on the differential radiative characteristics of the atmosphere over cloudy areas with ascending 
motion and the surrounding cloud-free regions with sinking air motion. All the theories suggest plausible 
qualitative explanations for the observed features. It is probable that in the atmosphere two or more physical 
causes operate at the same time. 
The main results of the present study are summarized below: 
(i) The south-west monsoon rainfalls of Cochin and Minicoy exhibit pronounced diurnal variations, with 
maximum rain activity around 03 h and minimum around 15 h. The amplitude of the diurnal variation 
increases for rain events of larger amounts. 
(ii) On account of the nearly parallel march of the diurnal variations in the rain amount and rain duration, 
there is little diurnal variation in the rain intensity for the different rainfall categories. 
(iii) The integrated total duration of monsoon rainfall is about 250 h at Cochin and 110 h at Minicoy. Half 
the monsoon rainfall contributed by heavy showers is received in 20 per cent of the total rain duration; 
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half the total rain duration is accounted for by light falls, which contribute 20 per cent of the rain 
amount. 
(iv) The association between cumulative percentage rain amount (x) and cumulative percentage rain 
duration (y) can be expressed by the equation x = ay exp (by’), where a, b and c are empirical constants 
to  be determined from the observational data. In the special case when c = 1, this equation has 
effectively only one empirical constant b; nevertheless, it gives a fairly good representation of the 
association between x and y. A similar equation with three constants also expresses the association 
between the cumulative percentage rain amount and rain hours. 
(v) The slope of the rainfall curve expressed by the above equation is proportional to the rain intensity, 
which varies from about 1 mm/h to 25 mm/h along the curve. 
(vi) The association between rain events of increasing amounts (x) and cumulative percentages (y) of rain 
amount/rain duration/rain hours, is also satisfactorily represented by the equation in (iv) with three 
constants a, b and c. In these cases the association is nearly linear for the first 50 per cent of the 
cumulative total which is contributed by rain events of low amounts, and becomes increasingly 
exponential for rain events of large amounts. 
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